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This paper attempts to prove the feasibility of high 
temperature hot-wire anemometer for gas turbine 
environment. No such sensor exists at present. Based on the 
latest improvement in a new type of Polymer-Derived 
Ceramic (PDC) material, the authors present a conceptual 
design of a hot-wire anemometer (HWA) based on PDC 
material, and show that such a sensor is indeed feasible. This 
HWA is microfabricated by using three types of PDC 
materials such as SiAlCN, SiCN (lightly doped) and SiCN 
(heavily doped) for sensing element (hot-wire), support 
prongs and connecting leads respectively.  The PDC-SiAlCN 
is selected as a sensing element, because of its high 
temperature coefficient of resistance (4000 ppm/°C) and 
resistivity. Direct measurements and characterization of the 
relevant material properties are presented, to show that the 
proposed design can lead to a viable constant temperature 
anemometer. In our current design, the hot wire is 200µm in 
length and 20 µm x 20 µm side. Analysis of the sensor 
performance is used to predict sensor response behavior, and 
the systematic analysis of this new device, especially the 
steady state characteristics, frequency response and 
directional dependence are discussed. This novel hot wire 
anemometer is found to perform quite satisfactorily as 
compared to a conventional HWA in which the hot wire is  
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range of 10 to 50 V (without additional signal conditioning) 
for velocities in the range of 10 to 100 m/s. The sensitivity of 
the sensor is found to be better than a conventional sensor: 
0.157 V/(m/s) (for sensor length of 0.2 mm) vs 0.014 V/(m/s) 
respectively at 50 m/s. However, L/d ratio may need to be 
limited to about 10 so that output voltage is not excessive, 
thus requiring careful consideration of support conduction 
during calibration. This type of PDC-HWA can be used in 
harsh environment due to its high temperature resistance, 
tensile strength and resistance to oxidation. This paper also 
discusses micro-stereolithography as a novel microfabrication 




The Hot-Wire Anemometer (HWA) has been used for many 
years as a research tool in fluid mechanics. It utilizes a small, 
electrically heated element exposed to the fluid medium for 
the purpose of measuring the flow parameters. Normally the 
parameters being measured are velocity, turbulence levels and 
flow patterns. The hot-wire anemometer is based on 
convective heat transfer from a heated element placed in fluid 
flow. Any changes in the fluid medium will cause changes in 
the sensor’s heat loss [1].  
 
SiCN based insulator                                                            Figure 1.  (a) Conventional -HWA (b) Polymer Derived Ceramic-HWA. 
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DownloThe thermal anemometer, using the fact that electrical power 
is proportional to the sensor heat loss, transduces the flow 
parameters into an electrical signal. 
 
Conventional HWAs (Fig.1a) are assembled individually 
by mounting a thin wire made of platinum, tungsten or 
platinum-iridium (80% Pt, 20% Ir) [1], on to support shanks. 
The wires may be thinned (e.g., by etching in acidic 
solutions) until the desired dimensions are reached, typically 
a few mm long and a few micrometers in diameter.  
 
This active portion of the sensor is then mounted on a 
long probe with electrical connection for ease of handling. 
The conventional HWA is  noted for its low cost, fast 
response, small size and low noise [1]. However these HWAs 
pose significant problems in gas turbine environment where 
they will not survive the ultra high temperature [2].   
 
In the past two decades, several research groups have 
developed micromachined flow sensors that are based on a 
variety of sensing principles including thermal anemometry. 
Microfabrication offers the benefits of high spatial resolution 
and fast time response (due to low thermal mass). In recent 
years, researchers have reported making prongs and hot-wires 
out of doped polycrystalline silicon [3]. One group used 
doped silicon for both the prong and the sensor along with 
polyamide hinge to make three-component hot-wire sensors 
[4]. Another group undercut a polysilicon hot-wire with wet 
etching so that the sensor is suspended over a cavity for better 
thermal insulation [5].  
 
Our research on micromachined PDC-HWA is motivated 
by the need of fluid flow measurement in gas turbine 
environment. None of the HWAs mentioned above can 
withstand the thermal and/or chemical environment that exists 
at the exit of a gas turbine combustor or turbine inlet. The 
knowledge of the amount and nature of turbulence and flow 
instability at the compressor exit and turbine inlet is quite 
important for predicting heat transfer characteristics 
downstream. The level of free-stream turbulence is 
particularly important to know because it may have a 
profound impact on the extent of transitional flow and the 
associated heat transfer around the downstream vane airfoils. 
Yet no direct measurements have been possible so far.  The 
PDC materials used in our design of thermal anemometer not 
only withstand ultra high temperature of gas turbine flow 
field, but also are resistant to contamination and oxidation (up 
to 1600 0C). The proposed PDC-HWA (Fig.1b) consists of a 
sensing wire made of SiAlCN, two parallel support prongs 
made of SiCN (lightly doped) and electrical leads       
made of SiCN (heavily doped). Direct measurements and 
characterization of the relevant materials properties as well as 
prediction of the calibration performance of the sensor are 
presented in the following sections.  
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POLYMER DERIVED CERAMICS MATERIALS   
 
Polymer-Derived Ceramics (PDCs) are a new class of 
materials synthesized by thermal decomposition of polymeric 
precursors. The basic processing steps are shown in Fig. 2, it 
involves the following steps: 
 
(i) Synthesize and modify polymer precursors, (ii) shape 
and cross-link the precursor to form infusible polymer 
components with desired structures, and (iii) convert the 
polymer polymer component to a ceramic by pyrolysis at 





      
                
            
 
 
                                                
 
                       
 
    
 
The Polymer-Derived Ceramics (PDCs) thus obtained are 
based on amorphous alloys of silicon, carbon and nitrogen. 
Synthesized at relatively low temperatures, the polymer 
derived ceramics exhibited excellent thermo -mechanical 
properties at high temperatures [6]. Other elements can be 























             TCR                Resistivity                Thermal                     
                                  αR , 0C-1               (Ω-m)                  Conductivity 
                                    (ppm)                                             K (W/m.oC)                     
  
   Tungsten                        4500                   5.5 x10-8                     173   
               
   Platinum                         3927                   10 x10 -8                         71.6  
         
   Pt (80%)-Ir (20%)           800                    31 x10 -8                      17.5  
     
   SiAlCN                          4000                   10 x10 -2                       2.50 
                                       (At 600 0K) 
      
   SiCN                                -----                  10 x10-7                       ----- 
   (Electrical Leads) 
  
   SiCN                                -----                    4 x10+5                      ----- 
   (Support prongs) 
Table 1. Material property table [1, 8, 9]. 
Synthesize 
    Shaping 
Cross-linking 
    Pyrolysis 
Figure 2. Processing of polymer-derived ceramics. 
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DownloaThe following three classes of PDC materials will be used in 
our design of HWAs: 
  
Class-1: SiCN derived from poly [hydazinomethylsilane]. 
It has been reported that this type of material exhibits 
electrical resistivity as low as 10-6 Ω-m [7]. This is used as the 
electrical leads from the sensor. 
Class-2: SiAlCN, which exhibits amorphous 
semiconductor behavior. This material also exhibits excellent 
oxidation and corrosion resistance at high temperatures [6]. 
These properties make this a very good material for our 
sensing element. 
Class-3: SiCN derived from polysilazane. Even though 
this material has similar composition as class-1 materials, it is 
a good electrical insulator, hence is used for support prongs 
[8]. The change in the property is attributed to the different 
type of dopent used.                                          
 
Table. 1, lists some electrical properties of the Polymer-
Derived Ceramics (PDCs) along with those of conventional 




The overall fabrication process of PDC-HWA can be 
(a) (b) 
Figure 3. Scanning Electron Microscopy (SEM) photographs of a miniature 
(a) Gearing and (b) Turbine. 
 
 
ded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Ucarried out by using cost effective Microstereolithographic 
(µSL) technique. This technique derived from stereo 
lithography, provides unique opportunity of fabricating 
complex high-aspect ratio 3D microstructures [12]. 
 
Research concerning the application of the 
microstereolithography process to ceramic /polymer 
composites has been successfully carried out by several 
research teams, and also published few impressive papers on 
the subject [11-13]. Figure 3 shows some Scanning Electron 
Microscopy (SEM) photos of ceramic micro structures made 
by micro-stereolithography.  
                                                                     
Figure 4a shows the photograph of Invert- 
microstereolithography (I-µSL) set up. The fabrication 
principle is illustrated in Fig. 4b schematically. The 3-D 
image of the component desired to build is first sliced into 
multi-layers of 2-D images using computer software. Such 2-
D image is then transferred to the Dynamic Mask Generator 
(DMG). The ultraviolet (UV) light beam from UV source 
advances through a series of optical system (including mirrors 
and beam splitters) for changing the beam path. An adopted 
optical system allows to image the dynamic binary mask on 
the surface of the photocurable resin, with a variable 
magnification in order to control the size of the object [14]. 
The liquid polymeric precursor (resin) hardens only at those 
locations touched by the light pattern. After curing, the layer 
will be lifted into the liquid bath and lowered to the new 
position to leave a certain thickness of new liquid between the 
bottom of the container and the first layer. Then the image of 
the second layer is sent to DMG. By repeating above steps, 
thin layers are sequentially solidified and stocked from top to 




               (a)                                                                                                                                        (b)   
                 Figure 4. (a) Photograph of Invert -micro-stereolithography developed at UCF and (b) Principle of Invert - µSL  
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DownThe first step of developing the fabrication process is to 
select or prepare suitable materials from the perspectives of 
both performance requirements and process simplicity and 
compatibility with fabrication technique. As we already chose 
materials for different parts of the thermal anemometer, the 
following section explains preparation of materials/polymer 
precursor for fabrication in brief. 
       
Materials Preparation: 
 
The commercially available CerasetTM (from Kion Corp., 
USA), can be used as a UV sensitive monomer. And 2,2,-
dimethoxy -2-phenyl acetophenone (commercially known as 
Irgacure 651 from Aldrich chemical, Milwaukee, USA), can 
be used as photo initiator[15]. 
 
SiCN Ceramics Precursor preparation: Precursor is 
prepared by adding 5wt% photo initiator (Irgacure-1300 from 
Ciba Speciality Chemicals) to liquid Ceraset, after mixing at 
about 70-800 C for one hour, the transparent yellow liquid 
precursor is obtained. Then, this liquid precursor is placed in 
a vacuum oven at the condition of 30in Hg for 24 hours to 
remove air bubbles. 
 
SiAlCN Ce ramics precursor preparation:  Aluminum (Al) 
doped SiCN ceramics precursor is prepared by mixing 5wt% 
Aluminum isopropoxide (Alfa Aesar, Ward Hill, MA) with 
liquid Ceraset at 1000 C for two hours, so that the aluminum 
isopropoxide can sufficiently react with Ceraset. After 
   
Liquid precursor  
loaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Usobtaining transparent liquid, 5wt% photo initiator (Irgacure-
1300) is added and stirred continually until photo initiator is 
dissolved fully and liquid becomes transparent again.  
 
Then this liquid precursor is placed in a vacuum oven to 
remove gases and prevent oxidation. 
 
Figure 5, is a schematic of the general fabrication 
process. First, the liquid precursor is spun on to a silicon 
wafer. The liquid thickness and, thus the final structure 
thickness can be varied according to the spin speed. The 
liquid is then subjected to non-contact UV exposure through a 
Dynamic Mask Generator to solidify regions of the liquid. 
These regions remain on the substrate while the remaining 
liquid is then removed by spin-rinsing in acetone solution. 
The result is a substrate with solid polymer structures 
attached.  These structures are removed from the substrate. 
The individual structures are then crosslinked and pyrolyzed 
in a furnace to form PDC MEMS devices [15]. 
 
The general Fabrication procedure for anemo meter 
supporting prongs is shown in Fig. 5, the same procedure is   
used to fabricate the PDC sensor wire and connecting leads 
separately. These PDC structures are then joined together by 









                                                             
 
 
                                           
    




                  
 
 
                             
                                                        
             



















Figure 5. General Fabrication process: (a) spin precursor onto substrate; (b) UV exposure; (c) solidified polymer with remaining liquid; (d) removing non-
solidified precursor; (e) remove polymer structures from substrate; (f) crosslink and pyrolyze polymer to obtain PDC structure   
(b) 
Solid polymer 
(d)     
                     (f) 
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Free-standing polymer structure 
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DowWith the description of the fabrication process of PDC 
complete the feasibility of the use of this PDC sensor in HWA 
applications is discussed below. It should be noted that all the 






Constant Temperature Response: 
 
Steady-state output of an infinitely long, cylindrical hot 
wire (large l/d) should follow King’s law [1,9]. For an HWA    
that has non-cylindrical geometry and smaller l/d ratio, we 
follow the common practice of collapsing the experimental 
hot-wire data in the form 
 
    ))((2 fss TTUHRIP −==                     (1) 
 
Where Ts and Tf are the temperature of sensor and fluid 
respectively and Rs is the resistance of the hot-wire sensor. 
The H(U) term is the overall heat transfer coefficient. 
 
  mUBAUH 11)( +=
   (2) 
 
Where m is a fitting factor that accounts for the smaller aspect 
ratio and wire geometry. The heat transfer coefficient A1 
accounts for the conduction end loss (dynamic end loss), as 
well as natural convection, and B1U

























The quantity of primary interest from (2) is the forced 
convection term; the conduction end loss term is negligible in 
constant temperature anemometers [17]. Rewriting (1), it can 
Figure 6. The steady state response of PDC hotwires of various lengths in 
Constant Temperature (CT) mode. 
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−=   (3) 
 
Where, the Nusselt number is given by:  
 
3/1PrRe mD CNu =    (4) 
 
Where C = 0.102 and m = 0.675 are constants for noncircular 
cylinders in cross flow [18], kf is  the thermal conductivity of 
fluid at film temperature Tfilm  = (Ts+Tf)/2, Re =(ρfUD/µ),       
Pr = 0.683 at film temperature. The theoretical calibration 
curves for PDC hotwire as well as commercial hotwire are  
shown in Fig. 6. From Fig. 6, it can be seen that, in spite of 
having higher sensitivity, the output voltages of the PDC 
sensor is in the range of 10V-50V, when compared to a 1.5V-
3V output of a commercial sensor. The high output voltage 
from the PDC sensor can help in increasing the signal to noise 
ratio. It should be noted here that the PDC sensor has a high 
voltage in spite of being an order of magnitude smaller. This 
eventually sets a limit on the l/d ratio for this type of sensor, as 




Apart from the steady state characteristics (discussed 
above) an important element of any hot-wire anemometer 
system is its dynamic response. It is a well-known fact that the 
HWA system operating in a Constant Temperature (CT) mode 
has a better frequency response when compared to the 
Constant Current (CC) mode of operation [2]. In the CT mode 
of operation, the thermal inertia of the sensor element is 
automatically adjusted when the flow conditions vary, by 
incorporating a feedback amplifier into the HWA circuit to 
obtain a rapid variation in the heating current to compensate 
for instantaneous changes in the flow velocity. Modern 
amplifiers have a very fast response and in the CT mode the 
sensor can be maintained at a constant temperature fairly 
effectively even for high frequency fluctuations. 
 
The frequency response of any HWA system can be split 
into the response of the sensor alone and the response of the 
amplifier circuit. In this paper we discuss the response of the 
proposed PDC sensor alone to the convective heat transfer 
from the fluid flow. Typically the sensor response follows a 
first order system [1, 2, and 19] and the amplitude ratio, 
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DoWhere M is the amplitude ratio, f the frequency and τ the time 
constant. The time constant is obtained from the lumped 




VCpρτ =     (6) 
 
Using (6) in (5), we obtain the amplitude ratio, which is 
depicted as a function of frequency for various velocities in 






















It can be seen from Fig. 7, that for the PDC-sensor the 
response increases as the velocity increases. It should also be 
noted that this plot depicts the response of the sensor alone. 
The purpose of this calculation is to show the feasibility of the 
use of PDC as sensing elements. Suitable amplifier circuit 
with high frequency responses can be designed in order to 
form a complete PDC-HWA system, but that is beyond the 
scope of this investigation. 
 
Although the sensitivity and frequency response of PDC 
sensors are comparable to those of the commercial ones, the 
PDC sensors depart from their commercial counterparts in the 
directional dependence. 
Figure 7. Frequency response in CT mode 
 U  
x 
y 
Ueff     θ 
φ 
20µm 
Probe body axis 
   (a)                                                (b) 
Figure 8.  (a) Velocity components at sensor (b) Cross section of SiAlCN hot 
wire.  
wnloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of UseFigure 8a, shows a generic view of the flow vector 
approaching the sensor. The yaw angle θ  is the angle between 
the velocity vector U and its transverse component normal to 
the wire Ueff, and the pitch angle φ is between Ueff and the hot-
wire probe body axis  y. 
 
The typical dependence used for conventional probes 
(large aspect-ratio) is the cosine relation 
 
     Ueff = Ucosθ    (7) 
 
Where Ueff is the effective cooling velocity, which is mainly 
responsible for wire cooling by convection. However, this  
cosine-type response with respect to the yaw angle ? will not 
be valid for the PDC sensor, especially with small l/d ratio 
(needed to keep the output voltage within limits) and square 
cross section. Apart from the yaw angle influence, dependence 
on flow pitch angle is also important. There are three effects 
that influence the outcome from the anemometer due to pitch 
angle dependence. The first one being the effect of the fluid 
passing through the opening formed by the wire, support 
prongs, and the sensor body. The additional cooling of the 
support shanks when they are not parallel to the flow vector, 
where the impact of this effect depends on the aspect ratio of 
the wire, causes the second effect. The third is the difference 
in effective cooling area of the wire caused by pitching the 
probe through the flow. For a conventional hot-wire with a 
circular cross section, this effect is absent. A ceramic 
(SiAlCN) wire, which in our case implies a square cross 
section, will experience a difference in effective cooling area 
during pitching. This third effect constitutes the main 
difference between a conventional and ceramic (square in 




The design of a novel PDC-HWA sensor that offers unique 
functional advantages over conventional hot-wire sensors has 
been discussed. The systematic theoretical characterization of 
the sensor’s steady state characteristics and frequency 
response has been presented. These characteristics closely 
follow those of the conventional hot-wire anemometers.  
 
 Our research on PDC-HWAs is motivated by the need of 
fluid flow measurement in gas turbine environments. These 
anemometers with high tensile strength (~1000 Mpa) can 
outperform conventional hot-wire anemometers at ultra high 
temperature (~1500°C), high turbulent flow and hostile 
chemical environments. The other most important advantages 
of these micromachined hot-wire anemometers are, their high 
flow sensitivity due to high specific resistivity (~10×10-2Ω-m), 
high spatial resolution (to resolve the small eddies in a 
turbulent flow) and low thermal mass due to their small size. 
 
Comprehensive optimization of design, materials and 
associated fabrication methods are quite involved and are not 6         Copyright © 2005 by ASME 
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Doexhaustively addressed in this work. Such issues will be 
systematically explored to improve the performance, ease of 
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